Salicornia herbacea (SH) is a halophyte that grows in the salt marshes along the coastline of South Korea, and is known to have antioxidative activity. In this study, the antioxidative and skin-whitening effects of SH aqueous extract were investigated in human dermal fibroblasts (HDFs) and B16 melanoma cells. The water extract of SH had potent antioxidative capacity and protected HDFs from tert-butyl hydroperoxide (tbOOH)-induced oxidative stress in a dose-dependent manner. In a cell cycle analysis, pretreatment with SH reversed the apoptotic cell death induced by tbOOH in HDFs. Additionally, the incubation of SH in mushroom tyrosinase inhibited the oxidation of l-dopa to o-dopaquinone, which implies that SH is a potent tyrosinase inhibitor. An SH treatment to B16 melanoma cells decreased the synthesis of melanin and inhibited tyrosinase activity. These results collectively indicate that SH had antioxidative and whitening effects on skin and would be a good candidate for skin rejuvenating agent.
There has been a recent global trend toward the use of phytochemicals present in natural resources as antioxidants. [1] [2] [3] Salicornia herbacea (SH) is a halophyte that grows in salt marshes, or salt fields, along the seashore of South Korea. It has been used as a folk medicine as well as a seasoned vegetable by some people living in coastal areas. 2, 4) Previous studies have shown that the plant could stimulate cytokine production and nitric oxide release, and exhibit immunomodulatory effects. 5, 6) It has also been reported that SH prevented high fat diet-induced hyperglycemia and hyperlipidemia in ICR mice. Of all the pharmacological actions of SH, the antioxidative effect has most often been studied. For example, a new chlorogenic acid derivative that was isolated in SH has been found to have potent antioxidative activity and was effective in protecting plasmid DNA.
2) The antioxidative and antithrombic effects of an enzyme-treated SH extract has also been studied. 7) In an ovariectomy-induced oxidative stress model, SH protected the liver from inflammation and cirrhosis. 8) A water extract of SH has recently been developed for diverse cosmetics, soup and healthy foods for skin rejuvenation. However, the pharmacology of SH has not been investigated in the skin.
Melanin plays an important role in protecting human skin from the harmful effects of UV sun radiation and scavenging toxic drugs and chemicals. 1, [9] [10] [11] The first two steps along the pathway of biosynthesis for melanin are the hydroxylation of l-tyrosine to 3-4-dihydroxyphenylalanine (l-dopa) and the oxidation of l-dopa to o-dopaquinone. 11, 12) This o-quinone is highly reactive and spontaneously forms melanin pigmentation-which causes a serious aesthetic problem for humans. 1, 11) Tyrosinase, a multifunctional, copper-containing oxidase with a molecular weight of 60-70 kDa, mediates the hydroxylation of l-tyrosine to l-dopa and the oxidation of l-dopa to o-dopaquinone and is known as a key enzyme in melanin biosynthesis. 12, 13) Antioxidants reportedly inhibit this tyrosinase by oxidation themselves; 1, 11, 14, 15) they inhibit the chemical reactions leading to melanin formation; they change the type of melanin formed; and they usually exhibit a skinwhitening effect.
Since SH exhibits potent antioxidative activity in other tissues, 7, 8) a water extract of SH was investigated for its potential as a skin antioxidant and whitening agent in this study. Its antioxidative capacity and protective effect on human dermal fibroblasts (HDFs) was investigated in a tert-butyl hydroperoxide (tbOOH)-induced oxidative stress model. In addition, its skinwhitening action was investigated in B16 melanoma cells by measuring the melanin content and tyrosinase activity.
Materials and Methods
SH aqueous extract. Air-dried powdered SH, which was collected from the western seashore of South Korea, was purchased from Hamcho.Com (Korea). Then, 20 g of SH was extracted with 300 ml of DDW for 24 h. The extract was filtered and freeze-dried.
Cell culture. Melanoma B16 cells and human dermal fibroblasts (HDF) were obtained from Korean Cell Line Bank (KCLB, Seoul, Korea), and cultured in a DMEM medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin and 100 mg/ml of streptomycin in 5% CO 2 at 37 C.
Antioxidative assay. The antioxidant activity of the diluted SH extract (5, 10, 50, and 100 mg/ml) was measured by using an y To whom correspondence should be addressed. Tel: +82-32-890-3683; Fax: +82-32-890-2462; E-mail: hongs@inha.ac.kr Biosci. Biotechnol. Biochem., 73 (3), [552] [553] [554] [555] [556] 2009 Antioxidant Assay kit (Cayman, Ann Arbor, Mich.) according to the manufacturer's instructions. This antioxidant system includes the following: enzymes such as SOD, catalyse, and glutathione peroxidase; macromolecules such as albumin and ferritin; and an array of small molecules including ascorbic acid, -tocopherol, -carotene, reduced glutathione, uric acid, and bilirubin. The combined antioxidative activities of all the constituents of the SH extract were assessed.
Cell survival assay. The oxidant, tbOOH, was used as a model for oxidative stress. 16) HDFs (1 Â 10 3 cells/well) were plated for 96-well plates in DMEM with 0.1% FBS for 24 h to arrest mitosis. The medium of the experimental groups was then replaced by varying concentrations (10, 50, 100, and 500 mg/ml; supplemented with 1% FBS) of the SH extract and incubated for 6 h. 16) Both groups were treated with 200 mM tbOOH for 3 h and the medium replaced with the normal culture medium. After 72 h, the HDF proliferation was measured using a CCK-8 kit (Dojindo, Gaithersburg, MD, USA). To the HDFs was added 10 ml of the CCK-8 solution, and the mixture incubated for 3 h. The absorbance was measured at 450 nm by using a microplate reader (TECAN, Grödig, Austria). The OD value of each well was calculated by the relative cell number with comparable standard curves.
Cell cycle analysis by flow cytometry. Apoptosis was scored by assessing the fraction of cells with sub-G1 DNA content by flow cytometry. HDFs (2 Â 10 5 cells) were seeded in 100-mm dishes, incubated and allowed to grow to 60% confluency. The medium for the experimental groups was replaced by the SH extract (supplemented with 1% FBS) for 24 h before treating with 200 mM tbOOH for 6 h. After 24 h, the cells were harvested, washed twice with PBS, permeabilized with 70% ethanol at 0 C, and stained with 50 mg/ml of propidium iodide. The distribution of cell cycle phases with different DNA content was read using a FACScan flow cytometer (Becton-Dickinson, San Jose, CA, USA).
Preparation of tyrosinases. Mushroom tyrosinase was purchased from Sigma-Aldrich. Murine tyrosinase was prepared from melanoma B16 cells. The cells (1:5 Â 10 4 cells/well) were removed from culture dishes and washed with phosphate-buffered saline. The cell pellet was rendered soluble in a 0.1 M sodium phosphate buffer (pH 6.8) containing 0.5% Triton X-100 and 0.1 mM phenylmethysulfonyl fluoride (PMSF), and centrifuged at 13,000 rpm for 20 min at 4 C. The supernatant was dialyzed against a 0.1 M sodium phosphate buffer (pH 6.8) and then used as a source of murine tyrosinase.
Measurement of tyrosinase activity. The l-dopa oxidation activity of tyrosinase was spectrophotometrically determined as described previously. Ten ml of 5mM l-dopa, 90 ml of a sodium phosphate buffer (0.1 M, pH 6.8), or 90 ml of the test sample were added to a 96-well plate. Then, 40 ml of tyrosinase was mixed and the mixture incubated at 37 C. The initial rate of dopachrome formation from the reaction mixture was measured as the increase of absorbance at 492 nm.
Measurement of melanin content. Melanoma B16 cells (1:5 Â 10 4 cells/well) were stimulated with -MSH (a melanocytestimulating hormone) and pretreated with various concentrations (5, 10, 50, and 100 mg/ml) of the SH extract for 72 h. After washing with PBS, the cells were dissolved in 100 ml of NaOH (1N) at 80 C, and the optical density at 450 nm was measured by using a microplate reader. The melanin content was calculated by using an authentic standard of synthetic melanin.
Statistical analyses. Each value is expressed as the mean AE standard error (SE). Significant differences between the groups were statistically analyzed by using Student's t-test. The differences between multiple groups were evaluated by a one-way analysis of variance (ANOVA), followed by a non-parametric posthoc test (LSD). A P value of 0.05 or less is considered statistically significant.
Results

Antioxidative capacity of SH
The antioxidative activity of SH was directly measured with an Antioxidant Assay kit (Cayman, Ann Arbor, Mich.). The antioxidative capacity of the water extract of SH was converted into the antioxidative capacity of trolox and increased in a dose-dependent manner (Fig. 1) . The water extract of SH (over 50 mg/ml concentration) had a similar antioxidative potency to that of ascorbic acid (100 mM concentration) which had been measured in our previous study. 16) In addition, the water extract of SH had a more potent antioxidative effect than the ethanol extract, so further studies were carried out with the water extract of SH.
Effect of SH on the survival of HDFs incubated with tbOOH
Normal HDFs with no tbOOH treatment exhibited typical fibroblastic (spindle-like) morphology. Most cells became thin, shrank and finally died after being treated with tbOOH. Cell damage became severe with increasing tbOOH concentration. However, HDFs maintained the fibroblastic appearance and vividness in the presence of SH when tbOOH attacked (data not shown). The cell survival assay revealed that the tbOOH treatment significantly decreased the survival rate of HDFs. However, pretreatment of the SH extract in the conditioned medium protected the HDFs from the oxidative injury caused by tbOOH (Fig. 2) . It is reasonable to assume that scavenging free radicals by the SH extract protected HDFs from oxidative stress. The water extract of SH had potent antioxidative capacity.
Effects of SH on cell cycle progression
To study the role of SH on cell cycle progression in oxidative injury, our group examined the cell cycle distribution profiles by flow cytometry, using propidium iodide staining of the DNA content. Treatment with tbOOH for 6 h prevented G1 to S phase progression and caused an increase in sub-G1 (apoptotic) cells compared with untreated cells (from 3.1% to 10%) (Fig. 3) . With the pretreatment by SH, a significant reduction of apoptotic cells was observed (10% versus 5.9%). This decrease in apoptotic sub-G1 cells suggests a protective role for SH during the apoptotic phenomenon.
Mushroom tyrosinase activity
Tyrosinase converts tyrosine to l-dopa and oxidizes l-dopa to form dopaquinone which plays an important role in melanin synthesis. Dopa oxidase activity was detected with mushroom tyrosinase and was inhibited by the addition of SH in a dose-dependent manner (Fig. 4) . The treatment by SH (100 mg/ml) inhibited tyrosinase activity by 54%. Compared with arbutin (50 mM), which is wellknown as a whitening agent, SH (100 mg/ml) exhibited a more potent inhibitory effect in our assay system (data not shown).
Inhibition of melanin synthesis in B16 melanoma cells
The effect of SH on the melanogenic activities of B16 melanoma cells was tested. As shown in Fig. 5 , the SH treatment mediated a noticeable decrease of melanin content in melanoma cells. In addition, treatment with SH reduced the tyrosinase activity of melanoma cells (Fig. 6) . These results indicate that the SH extract exhibited a depigmenting action, making it a good candidate for a skin-whitening material.
Discussion
Reactive oxygen species (ROS) are produced as part of normal and essential biological processes. [16] [17] [18] The oxidative stress established by ROS may induce a number of alterations to cell constituents. To protect themselves against the damage caused by oxidative stress, cells have a number of antioxidative enzymes and repair activities, most of which are expressed at a low level during normal growth. 16, 19) In mammalian cells, ROS are normally scavenged by some types of primary antioxidative enzymes: copper/zinc-and manganesedependent superoxide dismutase, catalase and glutathione peroxidase. In this study, SH reduced the oxidative stress induced by tbOOH in HDFs. Although our group did not characterize the antioxidative mechanism of SH in HDFs, Jang et al. have demonstrated that SH had a significant lipid peroxidation inhibitory effect which was demonstrated by scavenging free radicals derived from 1,1-diphenyl-2-picrylhydrazyl. 7) Park et al. have also reported that the antioxidative mechanism of SH was similar to that of quercertin and rutin, and mediated by inhibiting lipid peroxidation. 20) The first steps in the biosynthesis of melanin are the hydroxylation of monophenol tyrosine to o-diphenol dopa and the oxidation of dopa to dopaquinone, both using molecular oxygen. 10, 12) Tyrosinase catalyzes these steps, and antioxidants may inhibit these oxidation steps. The mushroom tyrosinase activity assay of SH, which resulted in the inhibition of tyrosinase activity (Fig. 4) , supports previous reports that antioxidants are good inhibitors of tyrosinase. To test the incorrect hypothesis that SH regulates the expression of tyrosinase, the water extract of SH was incubated in melanoma cells for 48 h, and a Western blot analysis was performed to measure the tyrosinase expression. However, the expression of tyrosinase was not down-regulated by SH treatment at a low concentration, but was slightly increased at a high concentration (over 50 mg/ml). These facts suggest that the inhibition of tyrosinase activity by SH might have been due to its effect at the post-transcriptional level. It can therefore be deduced that SH exhibited potent inhibition of melanin synthesis which may be attributed to the anti-oxidation and competitive inhibition of tyrosinase.
In summary, SH exhibited antioxidative activity, protected HDFs by scavenging free radicals and reduced the apoptosis from oxidative stress. In addition, it is important to note that the present investigation revealed SH for the first time to be an inhibitor of tyrosinase and melanin synthesis, and it should be considered as a promising candidate for novel whitening agents. 
